Abstract. The field and temperature dependencies of the longitudinal and Hall resistivity have been studied for high-quality FeSe 1−x S x (x up to 0.14) single crystals. Quasiclassical analysis of the obtained data indicates a strong variation of the electron and hole concentrations under the studied isovalent substitution and proximity of FeSe to the point of the majority carrier-type inversion. On this basis, we propose a "doped semimetal" scheme for the superconducting phase diagram of the FeSe family, which can be applied to other iron-based superconductors. In this scheme, the two local maxima of the superconducting temperature can be associated with the Van Hove singularities of a simplified semi-metallic electronic structure. The multicarrier analysis of the experimental data also reveals the presence of a tiny and highly mobile electron band for all the samples studied. Sulfur substitution in the studied range leads to a decrease in the number of mobile electrons by more than ten times, from about 3% to about 0.2%. This behavior may indicate a successive change of the Fermi level position relative to singular points of the electronic structure which is consistent with the "doped semimetal" scheme. The scattering time for mobile carriers does not depend on impurities, which allows us to consider this group as a possible source of unusual acoustic properties of FeSe.
Introduction
The energy of the superconducting pairing increases with the number of interacting particles. Therefore, possible enhancement of superconductivity by increasing the electron density in the case where the Fermi level is near Van Hove singularities has been studied starting with V 3 X type compounds [1] . The modification of the pairing at these singular points is also studied [2] for a long time.
The discovery of cuprate superconductors motivated an in-depth study of the Van Hove scenario for high-temperature superconductivity [3, 4, 5] (HTSC). Because of continued support by new experimental facts, the Van Hove scenario remains relevant to cuprate HTSC for many years [6, 7] .
For iron-based superconductors (IBS), many phenomena have also been discovered which are in good agreement with the Van Hove scenario of HTSC. Moreover, it has been suggested that density waves or their fluctuations which are considered responsible for superconductivity in many families of IBS are a consequence of tuning to the nearest Van Hove instability in multiband materials [8] .
Among IBS, iron selenide possesses superconductivity in almost stoichiometric form [9, 10] , which makes it possible to study the electronic properties of IBS on structurally perfect crystals. For this material, several interesting phenomena have been discovered that can be related to the properties of electrons near singular points of the electronic structure or in small pockets of the Fermi surface. The most interesting phenomenon is the absorption of the C 11 acoustic mode at a record level for metals [11] . This can be regarded as the experimental detection of a giant electron-phonon interaction for some small electron or hole pockets. It is also interesting that the angleresolved photoemission study of the substituted FeSe showed a significant change in the superconducting gap between Fermi surface pockets [12] . All this suggests that there may be a small group of carriers with "enhanced" superconducting properties.
A group of carriers with distinguishing properties have long been noticed in the transport properties of some IBS [13] . A quasiclassical analysis of transport properties indicates the presence of a small group of mobile carriers in many IBS, including FeSe. The origin of these carriers has not yet been established. The appearance of this group may be a consequence of the Fermi velocity and the effective mass modification for a small Fermi pocket or, alternatively, due to the formation of the Dirac cone [14] . We suppose that mobile carriers can originate from a small anisotropic pocket near the Van Hove point which is formed in the orthorhombic phase [15] .
Here we present the experimental magnetotransport data for high-quality FeSe 1−x S x crystals and results of quasiclassical multicarrier analysis of these data.
The quasiclassical analysis reveals a minority highly mobile band in all studied crystals. The carrier concentration in this band does not exceed a few percents and rapidly decreases with increasing substitution or impurity level. The scattering time for this carriers does not depend on the impurity level that perhaps explains the detected record values in acoustic properties.
The properties of the main carriers also strongly change under substitution, suggesting the possibility of the majority carrier-type inversion in FeSe family. The carrier-type inversion makes it possible to consider a model of "doped semimetal" for the phase diagram of the iron-based superconductors in an analogy of the model of "doped Mott insulator" for superconducting phase diagrams of cuprates. Thus, both phase diagrams of HTSC can be described consistently under the assumption that the principal factor is the position of the Fermi level relative to the bands' extrema.
Experiment
The crystals of FeSe 1−x S x were prepared using conventional KCl/AlCl 3 flux technique [16, 17] . The energy dispersive microanalysis confirms a good chemical homogeneity of the grown crystals. The chemical composition was studied at three points for four average size crystals from each growth batch, which provided the statistical error in sulfur content lower than 5% for all batches.
Magnetoresistance and Hall effect measurements were done using the EDC option of MPMS 7T with Keithley 2400 and Keithley 2192. Electrical measurements were done on cleaved rectangular samples with lengths in the range of 0.5 -2 mm, widths about 0.5 mm and thicknesses in the range of 0.03 -0.1 mm. The potential electrodes where 0.1 x 0.1 mm 2 pads located from each other at a distance of 0.5, 1.0 or 1.5 mm in dependence on the crystal size The distance between the electrodes is well defined because electrodes are sputtered with a fine mechanical mask. The characteristic ratio of the distance between the Hall contacts to the distance between the current electrodes is about 3 which provides a negligible shortening of the Hall potential [18] .
The dimensions of the crystals were measured using a Zeiss optical microscope and AxioVision software. The uniformity of the thickness was checked by direct observation under the microscope and the thickness values used to calculate the resistivity were obtained from the mass of the crystal and the lateral area of the crystal. For thin crystals this method still gives a large error in absolute values of resistivity and, consequently, in the absolute values of the carrier concentrations determined by the three-band model.
Results
The growth method used provides good homogeneity of the properties of crystals in one batch, while the crystals from different batches can differ significantly, possibly due to deviations of the growth conditions from the optimal ones. Several crystals of FeSe 1−x S x with x=0, 0.037, 0.048, 0.09, and 0.014 have been studied. For unsubstituted FeSe, we studied the crystals of two different batches. The magnetoresistance (MR) at 15 K for these batches is six times different. Apparently, crystals with a lower MR have much more defects [19] . Their critical temperature is lower than the usual values for FeSe. We studied the properties of this low-quality composition to reveal how the properties of carriers depending on the crystal quality. The batch with x=0 and low MR is further referred to as "imperfect" FeSe. On the graphs, the points related to the crystals from this batch are indicated by the orange diamonds. Figure 1(a) shows R(T) curves for the studied samples along with the corresponding curve for FeSe 0.71 S 0.19 . The last composition serves as a reference which does not show a transition to an orthorhombic structure at low temperatures [20] . The temperature derivative ( dR/dT ) is plotted in Fig. 1 (b) (for clarity, only three curves ). dR/dT indicates a crossover in transport properties at temperatures in the range of 100-150 K. At low temperatures, dR/dT increases with temperature almost linearly with the exception of the region near the structural transition. This transition causes a singularity on dR/dT (T) with the shape of an inverted lambda and, in general, does not change the low-temperature behavior of resistivity. The linear behavior of the derivative of the resistance dR/dT = aT + b yields aT 2 + bT + R 0 for R(T) in this temperature range. For all the samples studied, the coefficient a is of the order of 10 −8 ΩcmK −2 which is close to the value reported for LiFeAs [21] and, accordingly, should provide a comparable Kadowaki-Woods ratio.
The origin of the crossover in R(T) for the FeSe family is not clear. Saturation can be an important factor because of the high resistance of the compounds at room temperature (0.5 -1.0 mΩcm) which is close to the Ioffe-Regel limit [22] . On the other hand, an activation term is clearly detected in the conductivity of FeSe at higher temperatures [23] .
The resistance at room temperature shows a tendency to decrease with increasing x (see Fig. 1(c) ) although the decrease is not large and the magnitude of the resistivity changes is comparable to the possible errors.
In the magnetotransport properties of all the crystals studied, we observed the features that indicate the presence of carriers with significantly different mobilities. This is a nonlinear field dependence of ρ xy and also a deviation from the simple square law for MR. For a characterization of the carrier transport, we fitted the field dependence of the components of the conductivity tensor, measured at 15 K, with quasiclassical threeband expressions. Details of the method used have been described elsewhere [24, 15] . All the data obtained for the crystals studied are listed in Table 1 . Figure 1(d) shows a relation between magnetoresistance, measured at 15 K in 7 T, and the averaged mobility of the main two bands. The curve in the graph is µ 2 B 2 dependence which gives MR of the simplest two-band model with an equal carrier concentration and carrier mobility in the bands. This dependence surprisingly well describes the experimental data, with the exception of two FeSe samples, where we assume a more significant contribution to MR from the mobile carriers. This result agrees with the symmetry of the main electron and hole bands in FeSe, confirmed by high-field measurements [24] . For a compensated semimetal, such symmetry, most likely, means a triviality of the carriers properties -equal masses and equal scattering times. Figure 2 shows the variation of parameters of the main electron and hole bands with x. The total carrier concentration and the average mobility are plotted in panels (a) and (b) respectively. The mobility decreases rapidly with increasing degree of substitution, which can be easily explained by the increase in disorder. The carrier mobility in the "imperfect" pure FeSe composition is also very low, which confirms that the change in mobility is mainly caused by the disorder, and not by the changes in microscopic properties. The increase in conductivity during substitution is provided by an increase in carrier concentration shown in the panel (a). Since the substitution is isovalent, the main reason should be a change of the cell parameters which means that the band structure of these compounds is highly sensitive to pressure and stresses. The observed change in electronic properties may be analogous to the transition from bad to good metal in BaFe 2 (As 1−x P x ) 2 induced by isovalent P substitution [25] . Figure 3 shows the variation of the carriers imbalance for the main bands. We do not overestimate the precision of the extracted band parameters and their correspondence to the microscopic properties. Nevertheless, the dependence deserves the closest attention. The observed dependence predicts a full compensation at x = −0.037 which may be considered as a tellurium substitution for selenium. We consider the inherent phase separation of FeSe 1−x Te x with a low Te content as a possible experimental evidence of the quantum criticality near the predicted x. Indeed, the structural instability near the carrier-type inversion point can mean that the inversion is not just a numerical coincidence, but a consequence of some qualitative changes in the electronic structure. The proximity of FeSe to quantum criticality has been confirmed by many different experimental methods including the recent muon spin rotation measurements [26] . Table 1 show no correlation between the thickness of the sample and the number of mobile carriers, which means that these carriers are not the surface electronic states. It worth discussing that in many reports the use of similar methods brings significantly higher values for the relative fractions of mobile carriers. In Ref. [27] this fraction is equal to 12.5 %. Even higher values were reported. According to our observation, such results were obtained using the threeband model with the requirement for full electron-hole compensation. Perhaps this assumption is incorrect, and the deviation from charge compensation is an important factor for FeSe family, as we discuss below. We use the three-band model with free parameters. At low temperatures, the field range of 7 T allows us to obtain sufficiently accurate values for FeSe. The extracted mobilities of the main electron and hole bands differ only by a few percents, which is confirmed by the data obtained in pulsed magnetic fields up to 50 T [24] .
Isovalent sulfur substitution in FeSe 1−x S x causes a rapid decrease in the concentration of mobile carriers (see Fig. 4(a) ). We suppose that this reflects a change of the pocket near the Van Hove singularity at the border of the Brillouin zone. This pocket changes when the degeneracy of the Van Hove point at the border of the Brillouin zone is lifted and the Van Hove singularity approaches the Fermi level. Sulfur substitution suppresses the nematic transition which moves the Van Hove singularity upward that changes the pocket size. Other defects in "imperfect" FeSe also can have the similar effect due to the local distortion of the tetragonal symmetry and partial lifting of the degeneracy of the Van Hove singularity.
The variation of the mobility in Fig. 4(b) can be interpreted in two ways. First, the ratio of mobilities increases with increasing x with the exception of "imperfect" FeSe, for which it reaches a maximum. On the other hand, the absolute values of mobility do not show monotone changes, and the increase in the ratio is mainly due to a decrease in the mobility of the main carriers.
The stability of the mobility value in the mobile band of the studied series can indicate that the scattering time for this carriers does not depend on the impurity level which can be expected for carriers of a certain type. In particular, this behavior can indicate a high value of the electron-phonon interaction for the studied mobile carriers from which it can be concluded that it is this group of carriers that provides the record values of acoustic absorption observed in the ultrasonic study of FeSe discussed in the introduction.
Figure5 shows the ratio of mobilities plotted versus the concentration of the mobile carriers. The linear dependence can be explained by mass renormalization and the change of the pocket size. In our opinion, this confirms that the number of mobile carriers depends on the size of the pocket near the Van Hove singularity and, thus, indicates the position of this point relative to the Fermi level.
Discussion
Iron-based superconductors are usually considered as semimetals. The type of conductivity in these multiband materials may depend on many factors. Nevertheless, Table 1 . The list of samples studied with the chemical composition, the thickness of the studied crystal h, superconducting critical temperature T C , temperature of nematic transition T N , MR at 15 K in 7 T, and parameters extracted from magnetotransport measurements at 15 K using three-band model for FeSe 1−x S x single crystals. [28] . The increase in the critical temperature of FeSe under pressure is also accompanied by changes in Hall numbers and majority carriertype inversion [29] . Our data show that the carrier-type inversion may be an important ingredient of the superconducting phase diagram.
It is important that a "doped semimetal" model for IBS in conjunction with a doped insulator model for cuprates allow us to give a unified scheme for the formation of a superconducting phase diagram. In Fig.6 we plot the schematic representation for the relationship between the superconducting phase diagram and band structure in the case of the iron-based semimetals and cuprate insulators. We use the simplest two-band model of the corresponding band structure and suppose that each band provides one superconducting dome in the phase diagram. This phenomenological scheme gives a consistent description of HTSC phase diagram for both IBS and cuprates and explains the origin of the local maxima in phase diagrams of IBS. In the case of FeSe family these local maxima occur for FeSe 1−x Te x at about x=0.5 with maximum T c near 14 K and for FeSe 1−x S x at about x=0.1 with T c near 12 K. The former maximum is most likely in the region of electronic conductivity, and the later in the hole-like region.
The point of carrier-type inversion is probably a quantum critical point. Within the framework of the band theory, a non-compensation in simple semimetals can be explained by a band nonparabolicity. In this case, the quantum criticality can be related to a Lifshitz transition. In a localized-state approach, the charge compensation is destroyed by a perceptible non-stoichiometry of the studied compositions. In this case, the position of the point corresponding to the "imperfect" FeSe in 3 (b) may indicate the largest deviation in stoichiometry. Taking into account that for the series studied there was no direct correlation between stoichiometry and compositions, this inversion may be a consequence of the charge inversion in the selenium vacancy or (in other words) the inversion of the charge transfer between the selenium and iron layers.
The listed assumptions, as well as many other possible explanations, require further study.
Conclusion
The Van Hove concept is the most natural way to bind the individual energy band and the dome in the superconducting phase diagram. Not necessarily the maximum of the critical temperature should be achieved when the position of the Fermi level and the singularity coincide. For fluctuations of different types, the optimal position may have an energy gap.
SUPPLEMENTARY MATERIAL

Method
For the multicarrier analysis we used a quasiclassical relaxation-time approximation for the field dependence of the conductivity tensor components of a layered tetragonal crystal as a sum of l band terms [18] . The analysis is based on fitting the experimental data with three-band model. First, we calculate the conductivity components from the measured resistivity components. For tetragonal crystals:
where σ ij are the conductivity tensor components and ρ ij are the resistivity tensor components
The conductivities of bands are additive, and within the relaxation-time approximation for an arbitrary number of bands, we can write
where i is the band index, e is the electron charge, σ i is the conductivity at B = 0, µ i is the mobility, n i is the carrier concentration, and l is the number of bands. The fitting procedure determines µ i and n i by minimizing the residual φ: 
